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Analysis of Residual Stresses and Angular Distortion

in Stiffened Cylindrical Shell Fillet Welds Using
Finite Element Method
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Abstract—In this paper, a two-dimensional method is developed
to simulate the fillet welds in a stiffened cylindrical shell, using finite
element method. The stiffener material is aluminum 2519. The
thermo-elasto-plastic analysis is used to analyze the thermo-
mechanical behavior. Due to the high heat flux rate of the welding
process, two uncouple thermal and mechanical analysis are carried
out instead of performing a single couple thermo-mechanical
simulation. In order to investigate the effects of the welding
procedures, two different welding techniques are examined. The
resulted residual stresses and distortions due to different welding
procedures are obtained. Furthermore, this study employed the
technique of element birth and death to simulate the weld filler
variation with time in fillet welds. The obtained results are in good
agreement with the published experimental and three-dimensional
numerical simulation results. Therefore, the proposed 2D modeling
technique can effectively give the corresponding results of 3D
models. Furthermore, by inspection of the obtained residual hoop and
transverse stresses and angular distortions, proper welding procedure
is suggested.

Keywords—sStiffened cylindrical shell, fillet welds, residual
stress, angular distortion, finite element method.

I. INTRODUCTION

OWADAYS, welding industry is important in

constructions and specimen reparations. The types of
welded joint can be classified into five basic categories
including butt, fillet, corner, lap and edge welds [1]. Tt is well
known phenomenon that due to the localized heating and the
subsequent rapid cooling, residual stresses appear around
welding zones and cause post-weld deformations of the
structure [2]. Fillet weld is the most common weld type used
in the fabrication of structural elements in shipbuilding,
automobile and other industries. Fillet-welded joints usually
suffer from various welding deformation patterns, such as
longitudinal and transverse shrinkage, angular distortion and
flexural bending. Welding deformation has negative effects on
the fabrication accuracy, external appearance and various
strengths of the welded structures [3].
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Many authors have theoretically and experimentally tried to
predict the residual stresses and deformations in welding
connections [4]-[9]. The complex nature of the welding
process causes some difficulties in analyzing and numerical
modeling methods. The sources of complexities include
temperature related material and thermal properties, transient
heat transfer with complicated boundary conditions, moving
heat sources, phase changes and transformations, complex
residual stress states and the difficulties of making
experimental measurements at high temperatures [10].

Generally speaking, a finite element simulation of the
welding process consists of two main parts: the thermal
analysis and the mechanical stress analysis [3], [11]-[14].
Finite element simulation as a trusted method has been
employed at an increasing rate for simulation of the welding
process [15], [16]. Many researchers have utilized the
commercial finite element code ABAQUS, expanded with
user subroutines, to model welding process simulations with
great success [6], [17]-[21]. The finite element code ADINAT
was used by [22], while other authors [23]-[25] have utilized
SYSWELD to perform weld simulations. To reduce the
computational costs of the simulation, many solutions are
suggested by the authors. In the case of 3D numerical analysis,
it is always recommended to use symmetry conditions [1],
[12], [14]. In some studies, 3D models are replaced by 2D
models [1], [19], [24], [26]-[28]. Furthermore, complicated
heat flux forms usually are replaced with a uniform one [29],
[30] or sometimes thermal and mechanical analysis may be
performed separately (uncoupled thermo-mechanical finite
element analyses) [3], [31]-[33]. Furthermore, thermal
boundary conditions can also be simplified for example
convection and radiation coefficients may be assumed as
constant values [19], [20]. To further simplify the model, there
are also alternative solutions such as the inherent strain
method [18].

Dubois et al. [24] have utilized 2D models, in contrast with
the recognition that the 3D effect of the movement of the
electrode has been neglected. Hong et al. [19] dispute the need
for 3D weld models, suggested that a 2D analysis can be
carried out with appropriate simplifying assumptions
depending on the nature of the problem. Barsoum et al. [28]
showed that, a main objective in employing 2D simulation is
the significant reduction in the computational time (CPU
time). Furthermore, they also showed that the residual stress
predictions in the 2D simulation model show a good
agreement with the measurement values.
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Shim et al. [30] used ramp function to model the arc motion
when the arc approaches, travels across and departs from the
specified cross section. Vakili et al. [34] used the Double-
Ellipsoidal Heat Source (DEHS) model previously proposed
by [35]. He modified the model by introducing a new set of
coefficients to simulate fillet weld joint. Then, the extended
model is implemented into a finite element code in which 2D
and 3D temperature and deformation fields in the weldment
can be obtained. He is asserted that 2D model can only be
used in the thermal analysis provided that a new term, which
simulates the movement of the heat source, has been added to
the formulation.

Several authors have tried to answer that whether it is
necessary to perform the couple thermo-mechanical analysis
or the same accuracy level can be achieved by the simpler
uncouple analysis [17], [22], [24], [25], [31], [33], [36]-[38].
Oddy et al. [31], [32] state the heat generated by the plastic
deformation is much less than the heat introduced by the weld
arc itself. Therefore, the thermal analysis may be performed
separately from the mechanical analysis. Chang and Lee [33]
performed 3D uncoupled thermo-mechanical finite element
analysis of the residual stresses in the T-joint fillet welds made
from similar and dissimilar steels. Zacem et al. [39] showed
that the decoupling of the thermal analysis from the
mechanical analysis and using Anand constitutive equations
for elastic—viscoplastic behaviors of welded structure reduces
the computational time and cost without noticeably decreasing
the accuracy of results. Dean Deng et al. [3] showed that the
thermo-mechanical behavior can be simulated using
uncoupled formulation. They notice that due to the negligible
dimensional change in welding process, the internal strain
energy is insignificant compared with the thermal energy
imposed from the welding heat source. Therefore, they solved
the heat transfer problem independently to obtain temperature
distribution history. Afterward, the computed temperature
history was employed as a thermal load in the subsequent
mechanical analysis with the temperature-dependent thermo-
mechanical properties.

To model the heat exchange with the environment in the
finite element model, surface or skin elements are typically
used [22], [31]. Michaleris et al. [26] used radiation and
convection boundary conditions for all free surfaces in the
thermal analyses through the use of a temperature dependent
convection coefficient. Hong et al. [19] use a similar approach
by specifying a single heat loss coefficient for all surfaces.
Brown and Song [20] incorporate convective heat transfer.
They assumed that the coefficients depend both on the
temperature and the orientation of the boundary. They have
been modeled radiation by the standard Boltzmann relation
and it is assumed that the radiation is occurred from the free
surfaces to ambient air only. Nonetheless, the effect of
radiation is typically smaller than the effect of convection
except near the melting temperature.

This paper is going to present a method for analyzing the
3D welding process using a 2D simulation technique. To show
the applicability of the method, a common welding problem
with numerous industrial applications is considered. With the

help of some properly defined thermal and mechanical
boundary conditions, 2D simulation results which can
effectively predict the 3D simulation results were obtained.
We have also investigated the effects of different welding
techniques. In the first technique, both the left and the right
weld paths are implemented simultaneously and in the second
method, the second weld path is performed after the first one
is cooled down.

II. ANALYSIS OF MODEL
A. Thermo-Mechanical Model

1. Thermal Model

The method which is used in applying the heat flux plays a
significant role in the welding analysis. In this paper, heat flux
is gradually applied to the model using a ramp function and
after a period of constant flux, the heat flux is decreased
gradually according to the second ramp function. Shim et al
[30] used the ramp heat input model to avoid numerical
convergence problems due to an instantaneous increase in
temperature near the fusion zone and to include the effect of a
moving arc in the weld plane (1). Fig. 1 shows the flux as a
function of time for a general ramp input model.

t =t; =%20x(t +1,) (D

The amount of the heat input is the product of arc the
efficiency (1), voltage (V) and the current (I). The total heat
flux is uniformly imposed to the weld metal. The heat source
power can be considered as

Q=nVi 2)

We assume 77 = 0.88 which is also used in the reference
[40]. The other welding parameters are =20 A, V=250 v,
welding speed v=6 mm.sec™! and welding procedure is single
pass arc welding. Accordingly, Q is 4.8 KW.

Heat Flux (w/m?)

b t2 5}
Time (s)

t1: initial ramp time
t2: maximum input time
t3: decaying ramp time

Fig. 1 General Shape for the Ramp Model [30]

It is shown that the weld arc diameter can be considered
approximately 11 mm [40]. Therefore, the maximum heat flux
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at the heat affected zone during the welding process with the
assumed circular molten zone can be calculated as

4800

9
q = - 372
A 7x(11x107)

=125%10° (%) G)

The free surfaces are considered as exposed ones. The
effective combined convection and radiation coefficient is
considered as 10W/m°C [40].

2. Mechanical Model

The temperature history obtained from the thermal analysis
is imposed on the structural model as a thermal load. The
thermal strains and stresses can be calculated at each time
increment. Also, the final state of residual stresses will be
worked out from the thermal strains and stresses. The residual
stresses from each temperature are imposed on the model to
determine the updated behavior of the model before the next
temperature increment. Volume changes due to the phase
transition were neglected. The material was assumed to follow
the Von Misses yield criterion and the associated flow rules.

B. Element Birth and Death

To simulate the weld filler variation with the time in fillet
welds, the element birth and death technique is utilized.
Elements representing each weld pass were initially removed
and reactivated for each pass to simulate the deposition of the
weld beads. Then, the heat flux is applied to these newly
activated elements as the imposed heat load.

C. Analysis Procedure

During the welding process thermal stresses are calculated
from the temperature distributions which in turn were
previously determined by the thermal analysis. The residual
stresses in each temperature increment are imposed on the
model to determine the updated behavior of the model before
the next temperature increment. This method is also used
previously in [1]. The same finite element mesh and time
increments were used for both thermal and structural analysis.
While the static analysis can be adopted for the stress analysis,
the thermal analysis should be carried out using transient
modeling technique to trace the rapid change of temperature
with the time. However, a significant number of time points, at
which the temperature results are to be read into the stress
analysis, should be defined properly to capture the temperature
gradient and to give accurate residual stresses.

D. Material Properties

The Aluminum-2519 is used as the base metal with the
temperature dependent thermal and the mechanical properties
as shown in Fig. 2. The base metal is assumed as
incompressible material with the density of 2823 (Kg/m?). the
Poison coefficient is considered as 0.334.

4.5

Material Properties

—e—Yield Stress (PaxE+08) | §
—8—Coefficient of Thermal Expansion {1/¢xE-05)

—a&— Specific Heat (j/Kg “cxE+03)
—=—Young's Modulus (PaxE+07)

—— Thermal Conductivity (Wim2xE+02) |

Kﬁ.%——

| L i L
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Temp (“c)

Fig. 2 Thermal and the mechanical properties of an aluminum-2519

204 mm

(a) Plate dimensions

(b) 3D finite element mesh
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(c) Mechanical constraints for butt joint
Fig. 3 The aluminum-2519 plates [42]

E. Verification

To verify the proposed method, the results are compared
with the corresponding ones obtained via 3D finite element
modeling of butt welding process in welding of the two
aluminum-2519 plates reported in [40]. The plate dimensions,
the plate 3D finite element model and the mechanical

constraints on the half model are shown in Fig. 3. Since the
plate thicknesses are greater than 13 mm for this butt joint
model, it is a design recommendation that the plates be
chamfered in a double v-groove configuration along the joint
as can be seen in this figure. The mid-plane of the root gap is
assumed to be the plane of symmetry in the analysis, So the
half model is analysed. Due to the symmetry condition, the
model is fixed along the normal to the symmetry axis. Fig. 3
(c) depicts the specified zero displacement conditions for the
butt joint. This butt joint model is similar to the model which
have been studied by Michaleris et al. [41], except for the
elimination of the run-off tabs. Michaleris investigated the six
pass aluminum weld joint to determine the effects of restraint
in the formation of welding distortion. The focus of reference
[41] is to determine the residual stress state in the part of the
model where the “steady state” of the welding process has
been attained.

The corresponding proposed 2D Finite element model of
this problem is shown in Fig. 4. because of the high
temperature gradient around the welding zone, a very fine
mesh is used.

Fig. 4 Plate 2D finite element mesh

The v-groove boundary is subjected to the arc welding, so
the thermal boundary condition is considered as a heat flux

(g!). Due to the symmetry of the problem with respect to the

Y axis, the isothermal thermal boundary condition is applied.
Convection and radiation boundary conditions are imposed on
the other external boundaries. The model is fixed in the
longitudinal X direction at the symmetry Y axis. These
assumptions cause somewhat higher stresses values during the
welding process.

T

(a) Surface temperature distribution during the first weld pass of the
butt joint model at t = 45s

(b) Surface temperature distribution during the first weld pass of the
butt joint model at t = 50s

Fig. 5 Surface temperature distribution during the first weld pass of
the butt joint model at t =45 and 50s [42]

Fig. 5 shows surface temperature distribution during the
first weld pass of the butt joint model at t = 45 and 50s [40]
and Fig. 6 shows thermal history at two critical points A and B
from 2D analysis.
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(a) Plate thermal history at two critical points A and B
Fig. 7 Longitudinal residual stress 3D contour [42]

The results of 3D finite element simulation show that the
maximum temperature of the plate during the welding process
is 550°. The 2D analysis, has predicted this as 555°c. Fig. 7
shows the longitudinal residual stress contour obtained in [39].
According to this figure, maximum residual stress is equal to
435 Mpa. Residual stress distribution obtained from 2D
analysis is shown in Fig. 8.

Maximum residual stress is predicted 420Mpa. So, this
method has approximately 3% error with Justin D. Francis
method. Fig. 9 shows the longitudinal residual stress
distribution induced by the welding process on the top of the
2D plate.

B

(b) Place of two critical points A and B

Fig. 6 Plate thermal history resulted from the proposed 2D analysis

(a) Residual stress contour of critical points

—. 350E+HIE 0 . 200E+09 L 400E+09
—. 300E+08 . 900E+08 . 385E+H09 . 420E+09

(b) Residual stress contour of total plate

Fig. 8 Residual stress contour taken from 2D analysis
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Fig. 9 Longitudinal residual stress distribution resulted from 2D
analysis

Accordingly, the present two dimensional modeling
technique can effectively give the results of the three
dimensional finite element modeling.

III. ANALYSIS OF THE FILLET WELD

A. Stiffener Geometry

Fig. 10 depicts the stiffener geometry. In this figure, Y-
direction is the circumferential axisymmetric axis of the
stiffened cylindrical shell.

In Fig. 11 (a) complete geometry of the stiffened cylindrical
shell and in Figs. 11 (b) and (c), sectioned stiffened cylindrical
shell are shown.

As a result of axisymmetric condition, the entire
displacement component in  X-direction is  zeroed.
Furthermore, due to the far distance from the heat affected
zone and the axisymmetric condition, the two extreme sides of
the model is fixed (Fig. 12).

<+— 80 mm ——-|
L 1
= [+ 8 mm

108

mm
x I 12 mm
Ly |
!v 350 mm ‘If

Fig. 10 Stiffener geometry

(a) Complete stiffened cylindrical shell

(b) Sectioned stiffened cylindrical shell

R—w

=

(c) Sectioned stiffened cylindrical shell in polar coordinate

Fig. 11 The stiffened cylindrical shell
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1050 mm

Fig. 12 Mechanical Boundary Conditions of the Stiffener

L 4

B. Stiffener Finite Element Model C. Mesh Study

In Fig. 13 (a), finite element mesh model for middle To examine the sensitivity of the results with respect to the
stiffener and in Fig. 13 (b), finite element mesh model for element sizes, the effect of mesh refinement was studied. It is
three continuous stiffeners are shown. Mesh densities has  shown that considering 620 elements and 700 nodes can
great effects on the results accuracy, so we use a dense fine  adequately give accurate results.
mesh around the welding zone.

T I

(a) Middle stiffener finite element mesh

(b) Finite element mesh model for three continuous stiffener

Fig. 13 Stiffener finite element mesh

IV.RESULTS 0

For the welding of the stiffened cylinder, two welding 700
methods are suggested. In the first technique, both the left and
the right weld paths are implemented simultaneously and in
the second method, the second weld path is performed after 500

the first one is cooled down. Rest time for all welding methods g Y
is considered 250s. § A
A. First Method o

=S ——sL-——Llo_.

In the first method, thermal history at two points A and B, 200
as functions of the to the welding time is shown in Fig. 14.
Hoop and residual transverse stresses for inner and outer

surfaces of th.e cyli.ndrical sheet as functions of the Y-Distance L R e
are shown in Figs. 15 (a) and (b), respectively. (Y= Time (s)

. (@) ) (a) Thermal history at two points A and B in first method
350 mm
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B

(b) Place of two critical points A and B

Fig. 14 Thermal history at two points A and B in first method taken
from 2D analysis

il
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(a) Hoop and residual transverse stress distribution on the inner
surface in first method
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(b) Hoop and residual transverse stress distribution on the outer
surface in first method

Fig. 15 Hoop and residual transverse stress distribution in the first
method

To analyse the angular distortion of the stiffened cylinder,
the angular deformation of the shell is shown by A& (Fig.
16). The change of angular distortion in cooling period as a
function of time for the first welding method is presented in
Fig. 17. This figure reveals that in the first 2s, the heat affected
region of cylinder distort in the negative 0-direction
(approximately about -0.0044 Rad). This is due to the fact
that the thermal expansion in the upper portion exceeds that in

the lower one. Afterward, the distortion increased and finally
become positive at t=25s. Fig. 17 reveals that, after 140 s of
weldment cooling, the angular distortion increase even more
(about 0.006 Rad), and thereafter almost does not change. This
is because of the upwards bend of the shell due to plastic
deformation in the upper portion exceeds that in the lower
portion [1].

Angular distortion contour on the deformed shape are
shown in Fig. 18.

— —1
] . T e l_EL
“ 175 mm | f f
Fig. 16 Angular distortion in the stiffened cylinder
10

Angular Distortion (Rad)

41 X2 ,
Y:-0.00441

-6 I I .
0 50 100 150 200
Time (s)

Fig. 17 Change of angular distortion with cooling time in the first
method

B. Second Method

In the second method, thermal history at two points A and
B, as functions of the welding time, in first and second step
are shown in Fig. 19.

Hoop and residual transverse stresses of the stiffener for this
method are shown in Figs. 20 (a) and (b), respectively.

Variation of the angular distortion in two cooling period as
a function of time for the second method is presented in Fig.
21. Just similar to the first method, in the first 2s, the heat
affected region of cylinder is distorted in the negative 0-
direction and after the 2s, increases in the positive 0-direction.
After the first cooling period (250 sec), the second welding
process is performed. Again, the heat affected region is
distorted in the negative O-direction. After second cooling
period (500 sec), the final angular distortion is approximately
0.0029 Rad.

Fig. 22 shows that, in the second method in addition to the
deformations which are occur in the shell, the web is distorted
too. These extra deformations are caused by nonsymmetrical
welding process.
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(a) Angular distortion contour in the stiffened cylinder in the first method

(b) Schematic view of the Angular distortion in the stiffened cylinder in the first method

Fig. 18 Angular distortion in the stiffened cylinder in the first method
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Fig. 19 Thermal history in the second method (b) Hoop and residual transverse stress distribution on the outer

surface in the second method

Fig. 20 Hoop and residual transverse stress distribution in the second

method
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Fig. 21 Variations of angular distortion with respect to the cooling
time

V. DISCUSSIONS

For residual hoop stresses on the inner and the outer
surfaces of the stiffened cylindrical shell, the maximum tensile
stresses occur near the weld toe, and a compressive stress
appears away from the weld toe. For the first method,
maximum residual hoop stress occurs on the inner surface of

the cylindrical shell. But for the second method, it occurs on
the outer surface of the cylindrical shell. This is due to
increase of applied heat flux and increase of heat affected zone
in the first method.

By comparing the residual hoop stress results, it is clearly
known that the first welding method applies higher residual
hoop stress on the stiffened cylindrical shell compared with
the second one.

For residual transverse stresses on inner surface, a tensile
stress is produced near the fillet toe. As the distance from the
weld toe increases the compressive stress appears. On the
outer surface, compressive stress occurs near the fillet weld
toe and tensile stress appears away from the weld toe. It can be
clearly seen that the first method applies higher transverse
stress on the cylindrical sheet.

—.225E-04 . 145E-03

.B13E-04 . 228E-03

.312E-03

L4T9E-03 . BdeE-03

. 395E-03 .562E-03 . T29E-03

(a) Angular distortion contour in the stiffened cylinder in the second method

v

(b) Schematic view of the angular distortion in the stiffened cylinder in the second method

Fig. 22 Angular distortion in the stiffened cylinder in the second method

VI. CONCLUSIONS

In this study, a 2D axisymmetric method is developed to
simulate the fillet welds of stiffened cylindrical shell, using
finite element method. The technique of element birth and
death is used to simulate the weld filler variations with time in
fillet welds.

For wverification purpose, the proposed method was
compared with 3D finite element results for the butt joint in
aluminum-2519 plates given in [40].

For stiffener analysis, two welding methods were assumed
and then residual stress values for these methods were
obtained. In the first technique, both the left and the right weld
paths are implemented simultaneously and in the second

method, the second weld path is performed after the first one
is cooled down. Results are in a good agreement with the
residual stresses and distortion results obtained in other
published experimental and numerical 3D simulations. The
thermal elastic plastic finite element model can effectively be
employed to predict welding deformation. For larger models,
much time saving will be expected by the present procedure.

Comparison of the distortion of the cylindrical shell
illustrates that the first method imposed higher distortion than
the second method. So, “the second method” is recommended
for welding of stiffener because of the lower residual stress
values and distortion induced in the cylindrical shell.
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